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Abstract
We calculate the strange quark and antiquark distributions of the nucleon by using
the effective chiral quark model, and find that the strange-antistrange asymmetry
can bring a contribution of about 60–100% to the NuTeV deviation of sin2 θw from
the standard value measured in other electroweak processes. The results are insensi-
tive to different inputs. The light-flavor quark asymmetry of d−u is also investigated
and found to be consistent with the experimental measurements. Therefore the chi-
ral quark model provides a successful picture to understand the NuTeV anomaly, as
well as the light-flavor quark asymmetry and the proton spin problem in previous
studies.
Key words: strange quark, quark-antiquark asymmetry, chiral quark model,
NuTeV anomaly
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The nucleon sea is a very active research direction of hadron physics due to
its rich phenomena which are different from naive theoretical expectations and
intriguing to understand strong interaction. Among various topics, the strange
content of the nucleon sea is one of the most attractive issues, due to its close
connection to the proton spin problem [1] and to the obscure situation about
the strange-antistrange asymmetry [2]. Although much progress and achieve-
ment have been made both theoretically and experimentally, our knowledge of
the strange sea is still limited. A common assumption about the strange sea
is that the s and s distributions are symmetric, but in fact this is established
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neither theoretically nor experimentally. Possible manifestations of nonper-
turbative effects for the strange-antistrange asymmetry have been discussed
along with some phenomenological explanations [2,3,4,5,6,7]. Also there have
been some experimental analyses [8,9,10,11], which suggest the s-s asymmetry
of the nucleon sea. Therefore, the precision measurement of strange quark and
antiquark distributions in the nucleon is one of the challenging and significant
tasks for experimental physics.
The NuTeV Collaboration [12] reported the value of sin2 θw measured in
deep inelastic scattering (DIS) on nuclear target with both neutrino and an-
tineutrino beams. Having considered and examined various source of system-
atic errors, the NuTeV Collaboration had the value:
sin2 θw = 0.2277± 0.0013 (stat)± 0.0009 (syst),
which is three standard deviations larger than the value sin2 θw = 0.2227 ±
0.0004 measured in other electroweak processes, where θw is the Weinberg
angle which is one of the important quantities in the standard model. The
NuTeV Collaboration measured the value of sin2 θw by using the ratio of neu-
trino neutral-current and charged-current cross sections on iron [12]. This
procedure is closely related to the Paschos-Wolfenstein (P-W) relation [13]:
R− =
σνNNC − σνNNC
σνNCC − σνNCC
=
1
2
− sin2 θw, (1)
which is based on the assumptions of charge symmetry, isoscalar target and
s(x) = s(x). There have been a number of corrections considered for the P-
W relation, for example: charge symmetry violation [14], neutron excess [15],
nuclear effect [16], strange-antistrange asymmetry [17,18], and also source for
physics beyond standard model [19]. It is still obscure whether the strange-
antistrange asymmetry can account for this NuTeV anomaly [20]. Cao and
Signal [17] reexamined the strange-antistrange asymmetry using the meson
cloud model and concluded that the second moment S− ≡ ∫ 10 x[s(x)−s(x)]dx is
fairly small and unlikely to affect the NuTeV extraction of sin2 θw. Oppositely,
Brodsky and Ma [2] proposed a light-cone meson-baryon fluctuation model
to describe the s(x) − s(x) distributions and found a significantly different
case from what obtained by using the meson cloud model [3,5], as has been
illustrated recently [18]. Also, Szczurek et al. [21] suggested that the effect
of SU(3)f symmetry violation may be specially important in understanding
the strangeness content of the nucleon within the effective chiral quark model,
and compared their results with those of the traditional meson cloud model
qualitatively. In this letter, we focus our attention on the distributions of s(x)
and s(x), and calculate the second moment S− by using the effective chiral
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quark model. We find that the s-s asymmetry can remove the NuTeV anomaly
by about 60–100%, and that the results are insensitive to different inputs.
The effective chiral quark model [22], which was formulated by Manohar and
Georgi, is successful in explaining the Gottfried sum rule violation reported
by the New Muon Collaboration [23], first done by Eichten, Hinchliffe and
Quigg [24]. This model also plays an important role in explaining the proton
spin problem [25] by Cheng and Li [26]. These successes naturally lead us to
study the strange quark and antiquark distributions and confront them with
the NuTeV result within the effective chiral quark picture. In the effective
chiral quark model, the relevant degrees of freedom are constituent quarks,
gluons and Goldstone (GS) bosons. It is noticeable that the effect of the inter-
nal gluon is small, when compared with those of the GS bosons and quarks,
so it is negligible in this work. In this picture, the constituent quarks couple
directly to the GS bosons, which are the consequences of the spontaneously
broken chiral symmetry, and any low energy hadron properties should include
this symmetry violation. The effective interaction Lagrangian is
L = ψ(iDµ + Vµ)γ
µψ + igAψAµγ
µγ5ψ + · · · , (2)
where
ψ =


u
d
s


(3)
is the quark field and Dµ is the covariant derivative. The vector (Vµ) and
axial-vector (Aµ) currents are defined in terms of GS bosons:

 Vµ
Aµ

 = 1
2
(ξ+∂µξ ± ξ∂µξ+), (4)
where ξ = exp(iΠ/f) and Π has the form:
Π ≡ 1√
2


pi0√
2
+ η√
6
pi+ K+
pi− − pi0√
2
+ η√
6
K0
K− K0 −2η√
6


. (5)
Expanding Vµ and Aµ in power of Π/f gives Vµ = 0 + O(Π/f)
2 and Aµ =
3
i∂µΠ/f +O(Π/f)
2, where the pseudoscalar decay constant is f ≃ 93 MeV. So
the effective interaction between GS bosons and quarks becomes [24]
LΠq = −gA
f
ψ∂µΠγ
µγ5ψ. (6)
The framework that we use is based on timed-ordered perturbative theory
in the infinite momentum frame (IMF), in which all particles are on-mass-
shell so that the factorization of subprocess is automatic. We can express the
quark distributions inside a nucleon as a convolution of a constituent quark
distribution in a nucleon and the structure of a constituent quark. The light-
front Fock decompositions of constituent quark wave functions have
|U〉=Z 12 |u0〉+ api|upi0〉
+
api√
2
|dpi+〉+ aK |sK+〉+ aη√
6
|uη〉, (7)
|D〉=Z 12 |d0〉+ api|dpi0〉
+
api√
2
|upi−〉+ aK |sK0〉+ aη√
6
|dη〉, (8)
where Z is the renormalization constant for the bare constituent quark and
|aα|2 are the probabilities to find GS bosons in the dressed constituent quark
states |U〉 for an up quark and |D〉 for a down quark. In chiral field theory,
the spin-independent term is given by [27]
qj(x) =
1∫
0
dy
y
Pjα/i(y)qi(
x
y
). (9)
Here, Pjα/i(y) is the splitting function which gives the probability for finding a
constituent quark j carrying the the light-cone momentum fraction y together
with a spectator GS boson (α = pi,K, η), both of which coming from a parent
constituent quark i:
Pjα/i(y) =
1
8pi2
(
gAm
f
)2
∫
dk2T
(mj −miy)2 + k2T
y2(1− y)[m2i −M2jα]2
,
where mi, mj, mα are the masses of the i, j-constituent quarks and the pseu-
dosclar meson α, respectively,
M2jα =
m2j + k
2
T
y
+
m2α + k
2
T
1− y (10)
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is the invariant mass squared of the final state, and m = (mi +mj)/2 is the
average mass of the constituent quarks. We choose mu = md = 330 MeV,
ms = 480 MeV, mpi± = mpi0 = 140 MeV and mK+ = mK0 = 495 MeV.
We adopt the definition of the first moment of splitting function: 〈Pjα/i〉 =∫ 1
0 Pjα/i(x)dx and 〈Pjα/i〉 = 〈Pαj/i〉 ≡ 〈Pα〉 = |aα|2 [27]. It is conventional that
an exponential cutoff is used in IMF calculations. Usually
gA = g
′
Aexp
[m2i −M2jα
4Λ2
]
, (11)
with g′A = 1 following the large Nc argument [28], Λ is the cutoff parameter,
which is determined by the experiment data of the Gottfried sum and the
constituent mass input for pi, but for K and η, the terms 〈PK〉 and 〈Pη〉 in
the Gottfried sum cancel with those in Z = 1− 3
2
〈Ppi〉 − 〈PK〉 − 16〈Pη〉:
SGottfried=
1∫
0
dx
x
[F p2 (x)− F n2 (x)]
=
1
3
(Z − 1
2
〈Ppi〉+ 〈PK〉+ 1
6
〈Pη〉)
=
1
3
(1− 2 〈Ppi〉). (12)
Usually ΛK was given by ΛK = Λpi = 1500 MeV [21,27], however, the SUf(3)
symmetry breaking requires smaller 〈PK〉 and 〈Pη〉 [29], so that we should
adopt a smaller value for ΛK such as from 900 MeV to 1100 MeV.
When probing the internal structure of the GS bosons, the process can be
written in the following form [27]:
qk(x) =
∫
dy1
y1
dy2
y2
Vk/α(
x
y1
)Pαj/i(
y1
y2
)qi(y2), (13)
where Pαj/i(x) = Pjα/i(1 − x) and Vk/α(x) is the quark k distribution func-
tion in α and is normalized to 1. Because the mass of η is so high and the
coefficient is so small that the fluctuation of it is suppressed, the contribution
is not considered here. Assuming that the bare quark distribution functions
are given in terms of the constituent quark distributions u0 and d0, which are
normalized, we have:
u(x) =Zu0(x) + Pupi−/d ⊗ d0 + Vu/pi+ ⊗ Ppi+d/u ⊗ u0
+
1
2
Pupi0/u ⊗ u0 + Vu/K+ ⊗ PK+s/u ⊗ u0
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+
1
4
Vu/pi0 ⊗ (Ppi0u/u ⊗ u0 + Ppi0d/d ⊗ d0),
d(x) =Zd0(x) + Pdpi+/u ⊗ u0 + Vd/pi− ⊗ Ppi−u/d ⊗ d0
+
1
2
Pdpi0/d ⊗ d0 + Vd/K0 ⊗ PK0s/d ⊗ d0
+
1
4
Vd/pi0 ⊗ (Ppi0u/u ⊗ u0 + Ppi0d/d ⊗ d0).
Here, we define the notation for the convolution integral:
P ⊗ q =
1∫
x
dy
y
P (y)q(
x
y
). (14)
In the same way, we can have the light-flavor antiquark and strange quark and
antiquark distributions:
u(x) =Vu/pi− ⊗ Ppi−u/d ⊗ d0
+
1
4
Vu/pi0 ⊗ (Ppi0u/u ⊗ u0 + Ppi0d/d ⊗ d0),
d(x) =Vd/pi+ ⊗ Ppi+d/u ⊗ u0
+
1
4
Vd/pi0 ⊗ (Ppi0u/u ⊗ u0 + Ppi0d/d ⊗ d0),
s(x) =PsK+/u ⊗ u0 + PsK0/d ⊗ d0,
s(x) =Vs/K+ ⊗ PK+s/u ⊗ u0 + Vs/K0 ⊗ PK0s/d ⊗ d0,
where Vu/pi+ = Vd/pi+ = Vd/pi− = Vu/pi− = 2Vu/pi0 = 2Vu/pi0 = 2Vd/pi0 = 2Vd/pi0 ,
Vs/K+ = Vs/K0 and Vu/K+ = Vd/K0 are taken from GRS98 parametrization
of parton distributions for mesons [30]. The valence distributions uv(x) =
u(x) − u(x) and dv(x) = d(x) − d(x) are examined to satisfy the correction
normalization with the renormalization constant Z. From above procedure,
we can calculate S− ≡ ∫ 10 x[s(x) − s(x)]dx, which can bring the correction in
the modified P-W relation [18]
R−N =
σνNNC − σνNNC
σνNCC − σνNCC
= R− − δR−s , (15)
where δR−s is the correction term to the P-W relation, which comes from the
asymmetry of strangeness and reads:
δR−s = (1−
7
3
sin2 θw)
S−
Qv + 3S−
, (16)
where Qv ≡
∫ 1
0 x[uv(x) + dv(x)]dx. Thus what measured by NuTeV should
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Fig. 1. Distributions for d(x) − u(x) for Λpi = 1500 MeV, the solid curve
for constituent quark (CQ) model as input and the dashed curve for CTEQ6
parametrization as input within the chiral quark model. The data are from HER-
MES (Q2 = 2.3 GeV2/c2) and E866/NuSea (Q2 = 54 GeV2/c2) experiments [33,34].
be sin2 θw + δR
−
s , rather than sin
2 θw from a strict sense. One would need
δR−s ≈ 0.005 to completely explain the NuTeV deviation from the standard
value of sin2 θw measured in other processes.
We choose two different sets of constituent quark distributions as inputs:
constituent quark (CQ) model distributions [31] and CTEQ6 parametriza-
tion [32]. The constituent quark (CQ) model distributions have the form with
the initial scale Q20 = 0.4 GeV
2:
u0(x) =
2
B[c1 + 1, c1 + c2 + 2]
xc1(1− x)c1+c2+1,
d0(x) =
1
B[c2 + 1, 2c1 + 2]
xc2(1− x)2c1+1, (17)
which is independent of nature of probe and its Q2 value. Where B[i, j] is the
Euler beta function with c1 = 0.65 and c2 = 0.35 given in [31]. The other
input we adopted is from CTEQ6 parametrization with Q0 = 1.3 GeV:
u0(x) = 1.7199x
−0.4474(1− x)2.9009 ·
exp[−2.3502x](1 + exp[1.6123]x)1.5917,
d0(x) = 1.4473x
−0.3840(1− x)4.9670 ·
exp[−0.8408x](1 + exp[0.4031]x)3.0000. (18)
The calculated results of d(x) − u(x) are shown in Fig. 1, from which we
find that our results match the experiments [33,34] well with two very different
inputs of constituent quark distributions. We also get different distributions
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Table 1
The calculated results for different inputs
Parameter ΛK = 1100 MeV ΛK = 900 MeV
Quantity Z Qv S
− δR−s δR
−
s
CQ 0.731 0.846 0.00879 0.00473 0.00297
CTEQ6 0.731 0.362 0.00398 0.00498 0.00312
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Fig. 2. Distributions of xδs(x), with δs(x)=s(x) − s(x) for both constituent quark
(CQ) model (thick curves) and CTEQ6 parametrization (thin curves) as inputs with
ΛK = 900 MeV (solid curves) and 1100 MeV (dashed curves ).
for xδs(x) in Fig. 2, from which we find that the magnitudes with CQ input
are almost twice larger than those with CTEQ6 input. However, the values
of δR−s in Table 1 are similar and insensitive to different inputs at fixed ΛK ,
as the uncertainties as well as Q2 evolution of S− and Qv in the numerator
and denominator of Eq. (16) can at least partially cancel each other. This
means that the strange-antistrange asymmetry within the framework of the
effective chiral quark model can account for about 60–100% (corresponding to
ΛK = 900–1100 MeV) of the NuTeV anomaly without sensitivity to different
inputs of constituent quark distributions. The adoption of a larger ΛK will
bring more significant correction to the P-W relation.
In summary, we calculated d(x)− u(x) in the chiral quark model with dif-
ferent inputs and found that the calculated results are consistent with experi-
ments. We also calculated xδs(x) and found that the magnitudes are sensitive
to different inputs and parameters. However, the effect due to the strange-
antistrange asymmetry can bring a significant contribution to the NuTeV de-
viation from the standard value of sin2 θw, of about 60–100% with reasonable
parameters without sensitivity to different inputs of constituent quark dis-
tributions. Therefore the chiral quark model provides a successful picture to
understand a number of anomalies concerning the nucleon sea: the light-flavor
quark asymmetry [24], the proton spin problem [26], and also the NuTeV
8
anomaly. This may imply that the NuTeV anomaly can be considered as a phe-
nomenological support to the strange-antistrange asymmetry of the nucleon
sea. Thus it is important to make a precision measurement of the distributions
of s(x) and s(x) in the nucleon more carefully in future experiments.
This work is partially supported by National Natural Science Foundation
of China.
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